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A major problem in manufacturing the light-emit-
ting structures on the basis of silicon is its low quantum
efficiency of the radiative recombination of charge car-
riers. Nowadays it is possible to single out two methods
for increasing the radiative-recombination efficiency in
the structures on the basis of silicon. The first method is
based on improvement of the quality of structures by
decreasing the concentration of nonradiative-recombi-
nation centers for the charge carriers in them [1], and
the second is the spatial localization of charge carriers
in a small structure region [2, 3]. In structures with
Ge(Si) self-assembled islands, it is possible to use both
these ways due to the localization of charge carriers in
defect-free islands [4, 5]. An important feature of
devices based on the structures with Ge(Si) islands is
also the possibility of their operation in the wavelength




m inherent for the current optical-
fiber communication lines. Bulk silicon in this wave-
length range is transparent, which makes it possible to
use waveguides on its basis and opens new avenues for
the integration of optical and electronic components on
one silicon substrate. In the last few years, various
teams [6–9] reported on successes in observing the
electroluminescence (EL) at room temperature from
structures with Ge(Si) islands. The best results in the
region of formation of light-emitting diode structures





m were obtained in [10], where the EL external
quantum efficiency amounted to ~0.04% at room tem-
perature.
The previous investigations of the photolumines-
cence (PL) of structures with Ge(Si) islands showed the
strong dependence of spectral intensity characteristics
and the temperature quenching of PL islands on the
sizes, shape, composition, and surface density [11–14].
All these parameters should also strongly affect the
EL signal from Ge(Si) islands. However, the effect of
Ge(Si)-island parameters on their EL signal is now
studied insufficiently.
This study is devoted to investigating the effect of
parameters of Ge(Si)/Si(001) self-assembled islands in
multilayered structures on spectral characteristics, effi-
ciency, and temperature quenching of the EL signal
from islands. The Ge(Si)-island parameters were varied
due to the use of different growth temperatures, thick-
ness of Si separating layers between neighboring layers
of Ge(Si) islands, and also the post growth thermal
annealing of structures.
2. EXPERIMENTAL
The structures under investigation were grown by
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C have the high-





The annealing of structures with the Ge(Si) islands leads to an increase in the EL-signal intensity at low tem-
peratures and hampers the temperature stability of this signal, which is related to the additional Si diffusion into
islands during annealing. The found considerable increase in the electroluminescence-signal intensity with the
thickness of the separating Si layer is associated with a decrease in the elastic stresses in the structure with an





obtained in investigated structures amounted to 0.01% at room temperature.


























the lattice consisting of 20 layers of Ge(Si) self-assem-
bled islands separated by undoped Si layers was






) of the lattice with


















 = 10–32 nm. The formation of the lattice
with islands is described in more detail in [15]. The
structure’s growth was accomplished with depositing







layer 200 nm thick doped with antimony to the concen-













A part of the grown structures was thermally
annealed in nitrogen atmosphere for 1 min at the tem-





investigations were performed using a DRON-4 dif-
fractometer. The structures were investigated by elec-
tron microscopy using Philips CM20 and JEM 4010
microscopes with accelerating voltages of 200 and
400 kV, respectively. For measuring EL, we formed the
Au/Ti ohmic contact of 0.5 mm in diameter on the sur-
face of samples from the structure’s side. The second
ohmic contact was formed by depositing the Al contin-
uous film on the substrate’s back side. The structures





 2 mm in size. The EL spectra were measured on
chips in the pulsed mode to avoid overheating the sam-
ples. The pulse duration amounted to 4 ms, and the rep-
etition period was 25 ms. The EL spectra were detected
with the help of the Ge:Au liquid-nitrogen-cooled pho-
todetector. The emission power was measured in the
continuous mode using a PD300-IRG power meter
based on InGaAs detector operating in the wavelength
range of 800–1700 nm. We directly measured the
power emitted in the direction of the normal structure-
surface into the solid angle limited by the power
meter’s aperture. The total emitted power was found by
recalculating into the total solid angle assuming that the
emission is isotropic. The fact that the emission dia-
gram is close to isotropic was confirmed experimen-





























 is the photon frequency.
3. EXPERIMENTAL RESULTS AND DISCUSSION








 structures with Ge(Si) islands, the EL signal at
room temperature was observed from islands in the













(Fig. 1). It was found that if the EL-signal’s intensity
from islands grown at various temperatures is approxi-
mately identical (Fig. 1a) at low measurement temper-











the highest intensity of the EL-signal (Fig. 1b) at room
temperature. Previously [11], it was found that the











highest PL-signal intensity at room temperature in
comparison with the PL signal from islands grown at
other temperatures, which is related to the best hole










C. It is caused
by the fact that, on the one hand, an increase in the




C results in increasing
the diffusion of silicon into islands [17, 18]. According
to the X-ray diffraction analysis, the average Ge content

































C. The growth of the Si frac-
tion in islands leads to decreasing the valence-band dis-
continuity at the heterojunction between silicon and the
Ge(Si) island, to decreasing the potential-well depth for
the holes in the island, and, as a consequence, to the
deterioration of their spatial localization.
On the other hand, a decrease in the growth temper-










































































-diode structures with Ge(Si)

















tra were measured at temperatures of (a) 77 and (b) 300 K.
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in the growth of self-assembled Ge(Si) islands [19, 20].
In this temperature range, the type of islands dominat-
ing on the surface changes from the dome nanoislands
to the pyramidal (hut) ones, which is accompanied by a
sharp decrease in the average height of islands [20].
Due to quantum-dimensional effects, the last circum-
stance causes the expulsion of an energy level of holes
in the island towards the edge of the silicon valence-
band that also results in the deterioration of localization
of holes in islands. The indication of the weaker local-
ization of holes in structures with hut-islands is the
occurrence of the EL signal from Si at room tempera-
ture in these structures (Fig. 1b). One more factor,
which can result in decreasing the EL-signal’s intensity
from islands with the growth temperature, is an
increase in the point-defect concentration in the struc-
tures, which were grown at low temperatures [21]. The
increase in the point-defect concentration leads to
increasing the concentration of centers of the radiation-
less recombination of charge carriers. Thus, the best
spatial localization of holes in the investigated struc-





It results in an insignificant temperature quenching at the
room temperature and the highest EL-signal intensity
from islands grown at this temperature.
The increase in the EL-signal’s intensity from
Si(Ge) islands can be attained due to decreasing the
concentration of centers of the nonradiative recombina-
tion at the thermal annealing of structures. It was previ-
ously shown [15] that the PL-signal’s intensity from
islands at low (77 K) measurement temperatures
increases with annealing temperature as a result of
annealing under the same conditions as in this study.
However, the temperature quenching of the PL signal
from islands [15] increased. The carried out investiga-
tions showed that the similar dependence on the anneal-
ing temperature is observed also for the EL signal from
islands: with increasing the annealing temperature,
both an increase in the EL-signal’s intensity at low
measurement temperatures and an increase in its
quenching temperature occurs. The observed increase
in the temperature quenching of the PL and EL signals
with increasing the annealing temperature is associated
with the deterioration of localization of holes in islands
as a result of an additional diffusion of Si into islands
during the annealing [15]. The shift of peak positions
for the PL and EL signals from the islands towards
higher energies after annealing [15] is the confirmation
of the Si-fraction increase in islands (Fig. 2). It is nec-
essary to note that the EL signal from islands at room
temperature somewhat increases (Fig. 2) despite an
increase in the temperature quenching of the EL signal





C). Hence, there is an optimum
mode of annealing the structures with Ge(Si) islands,
which, on the one hand, would reduce the number of
defects in the structure and, on the other hand, would
not significantly affect the islands parameters (in partic-
ular, the composition) and lead to no substantial deteri-
oration of localization of holes in islands.
In multilayered structures with self-assembled
islands, the thickness of the Si separating layer between
neighboring layers of Ge(Si) islands [13, 22] is one
more parameter substantially affecting the parameters
of islands and their optical properties. The variation in
the thickness of the Si separating layer between the





showed that, when increasing this layer’s thickness
from 25 to 32 nm, the EL-signals intensity from islands
and the external quantum efficiency of the radiative
recombination grow fivefold (Fig. 3). The increase in
the EL-signal’s intensity and quantum efficiency of the
radiative recombination observed with increasing the



































































































) 32 nm. The spectra were measured at 300 K.
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the fact that the elastic stresses in the structure decrease
with increasing this layer’s thickness. The reduction of
elastic stresses, first, leads to a decrease in the Si diffu-
sion stimulated by them into islands and, as a conse-
quence, to an increase in the Ge fraction in the islands
[22]. The Ge-fraction’s growth in islands with increas-
ing dSi is confirmed by the X-ray diffraction analysis
according to which the average Ge content in islands
increases from (45 ± 3)% to (51 ± 3)%, when dSi
increases from 25 to 32 nm. The increase in the Ge frac-
tion in islands with the thickness of the Si separating
layer is confirmed also by the shift of the EL-signal’s
peak from islands towards lower energies (Fig. 3). Sec-
ond, a decrease in elastic stresses results in decreasing
the misfit-dislocation density in the structure, which
also leads to a decrease in the number of nonradiative-
recombination channels and an increase in the EL-sig-
nal’s intensity. The low density of crystal-lattice defects
in the structure with thick Si separating layers is con-
firmed by the investigations carried out by transmission
electron microscopy (TEM). These investigations also
enabled us to establish that a strong vertical correlation
(Fig. 4) is observed even in the structure with dSi =
32 nm between the next-layer islands. This indicates
that the elastic stresses from the previous layers with
islands affect the formation of islands in the subsequent
layers. In addition, the TEM pattern shows that the
sizes of islands increase with the layer number (Fig. 4).
The increase in the island sizes in upper layers of a mul-
tilayered structure can be caused by an increase in the
Si fraction in the islands due to the elastic-stress accu-
mulation [22]. Thus, it is possible to expect that the fur-
ther (more than 32 nm) increase in the thickness of
Si separating layers leads to an increase in the Ge frac-
tion in islands and, as a consequence, to the growth of
the quantum efficiency of radiative recombination in
multilayered structures with Ge(Si) islands.
The measurements of the EL integrated power from
Ge(Si) islands showed that it superlinearly depends on
the pumping-current’s density (Fig. 5). This means that,
according to Eq. (1), the quantum efficiency of radia-
tive recombination in the investigated structures
increases with the pumping-current’s density. The
greatest value of the external quantum efficiency of EL
in the investigated structures was obtained for the struc-
ture grown at 600°C in which Ge(Si)-island layers were
separated by thick (dSi = 32 nm) Si layers. The value of
the external quantum efficiency at room temperature
for this structure amounted to ~0.01%. In this case, the
integrated power of EL in the wavelength range of 1.3–
1.55 µm for the pumping-current’s density of 5 A/cm2
amounted to ~3 µW.
4. CONCLUSIONS
In this paper, we present the results of the investiga-
tion of the effect of growth conditions, structure param-
eters, and annealing temperature on the EL of multilay-
ered p–i–n-diode Ge(Si)/Si(001) structures with the
self-assembled islands. It is found that the islands
grown at 600°C have the greatest EL-signal intensity at
room temperature. This result is related to the best
localization of holes in islands grown at this tempera-
ture. The annealing of structures with Ge(Si) islands
leads to an increase in the EL-signal’s intensity at low
temperatures but impairs its temperature stability,
which is caused by an additional Si diffusion into
islands during annealing. An increase in the EL-signal’s
intensity with the thickness of the separating Si layer is
associated with a decrease in the elastic stresses in the
structure with increasing the layer’s thickness. The
20 nm
Fig. 4. TEM pattern of a fragment of the diode multilayered
structure with Ge(Si) islands grown at 600°C and separated














Fig. 5. Dependence of the integrated power of EL of Ge(Si)
islands on the pumping-current’s density for the structure
with islands grown at 600°C and separated by Si layers of
32 nm thick.
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largest value of the external quantum efficiency of EL
in the wavelength range of 1.3–1.55 µm obtained as a
result of optimization of parameters of the investigated
structures amounted to ~0.01% at room temperature.
ACKNOWLEDGMENTS
This study was supported by the Russian Ministry of
Education (project RNP.2.1.1.1370), the Foundation
for Support of National Science, and Programs of the
Russian Academy of Sciences.
REFERENCES
1. M. A. Green, J. Zhao, A. Wang, P. J. Reece, and M. Gal,
Lett. Nature 412, 805 (2001).
2. W. L. Ng, M. A. Lourenco, R. M. Gwilliam, S. Ledain,
G. Shao, and K. P. Homewood, Nature 410, 192 (2001).
3. V. Kveder, M. Badylevich, E. Steinman, A. Izotov,
M. Seibt, and W. Schröter, Appl. Phys. Lett. 84, 2106
(2004).
4. O. G. Schmidt, K. Eberl, and Y. Rau, Phys. Rev. B 62,
16715 (2000).
5. A. I. Yakimov, A. V. Dvurechenskii, A. A. Bloshkin, and
A. V. Nenashev, Pis’ma Zh. Éksp. Teor. Fiz. 83, 189
(2006) [JETP Lett. 83, 156 (2006)].
6. W.-H. Chang, A. T. Chou, W. Y. Chen, H. S. Chang,
T. M. Hsu, Z. Pei, P. S. Chen, S. W. Lee, L. S. Lai, S. C. Lu,
and M.-J. Tsai, Appl. Phys. Lett. 83, 2958 (2003).
7. M. Stoffel, U. Denker, and O. G. Schmidt, Appl. Phys.
Lett. 82, 3232 (2003).
8. T. Brunhes, P. Boucaud, S. Sauvage, F. Aniel, J.-M. Lour-
tioz, C. Hernandez, Y. Campidelli, O. Kermarrec, D. Ben-
sahel, G. Faini, and I. Sagnes, Appl. Phys. Lett. 77, 1822
(2000).
9. M. H. Liao, C.-Y. Yu, T.-H. Guo, C.-H. Lin, and C. W. Liu,
IEEE Electron. Dev. Lett. 27, 252 (2006).
10. V. G. Talalaev, G. E. Cirlin, A. A. Tonkikh, N. D. Zakha-
rov, and P. Werner, Phys. Status Solidi A 198, R4 (2003).
11. N. V. Vostokov, Yu. N. Drozdov, Z. F. Krasil’nik, D. N. Lo-
banov, A. V. Novikov, and A. N. Yablonsky, Pis’ma Zh.
Éksp. Teor. Fiz. 76, 425 (2002) [JETP Lett. 76, 365
(2002)].
12. U. Denker, M. Stoffel, O. G. Schmidt, and H. Sigg, Appl.
Phys. Lett. 82, 454 (2003).
13. W.-H. Chang, W.-Y. Chen, A.-T. Chou, T.-M. Hsu, P.-
S. Chen, Z. Pei, and L.-S. Lai, J. Appl. Phys. 93, 4999
(2003).
14. V. Yam, Vinh Le Thanh, Y. Zheng, P. Boucaud, and
D. Bouchier, Phys. Rev. B 63, 033313 (2001).
15. Yu. N. Drozdov, Z. F. Krasil’nik, K. E. Kudryavtsev,
D. N. Lobanov, A. V. Novikov, M. V. Shaleev, D. V. Shen-
gurov, V. B. Shmagin, and A. N. Yablonsky, Fiz. Tekh.
Poluprovodn. 42 (3), 291 (2008) [Semiconductors 42,
286 (2008)].
16. R. J. Keyes, P. W. Kruse, D. Long, A. F. Milton, E. H. Put-
ley, M. C. Teich, and H. R. Zwicker, in Optical and
Infrared Detectors, Ed. by R. J. Keyes (Springer, Berlin,
Heidelberg, New York, 1980; Radio i Svyaz’, Moscow,
1985).
17. M. Floyd, Y. Zhang, K. P. Driver, J. Drucker, P. A. Cro-
zier, and D. J. Smith, Appl. Phys. Lett. 82, 1473 (2003).
18. G. Capellini, M. De Seta, and F. Evangelisti, Appl. Phys.
Lett. 78, 303 (2001).
19. O. G. Schmidt, C. Lange, and K. Eberl, Phys. Status
Solidi B 215, 319 (1999).
20. A. V. Novikov, M. V. Shaleev, D. N. Lobanov, A. N. Yab-
lonsky, N. V. Vostokov, and Z. F. Krasilnik, Physica E 23,
416 (2004).
21. I. A. Buyanova, W. M. Chen, G. Pozina, B. Monemar,
W.-X. Ni, and G. V. Hansson, Appl. Phys. Lett. 71, 3676
(1997).
22. M. De Seta, G. Capellini, F. Evangelisti, C. Ferrari,
L. Lazzarini, G. Salviati, R. W. Peng, and S. S. Jiang,
J. Appl. Phys. 102, 043518 (2007).
Translated by V. Bukhanov
